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Objective: The aim of this cross-sectional study is to investigate the relationship between knee adduction
moment and knee adduction angular impulse and meniscus, cartilage and bone morphology in women
with knee osteoarthritis (OA).
Method: Forty-ﬁve women aged >40 years with OA in at least one knee, according to American College of
Rheumatology clinical criteria were studied. The knee joint loading was assessed by three-dimensional
motion analysis system during gait. Three Tesla magnetic resonance imaging (MRI) with a coronal T2-
weighted spin echo sequence was used for evaluating meniscus pathology, and a coronal T1-weighted
gradient echo sequence for quantifying cartilage morphology and bone surface size. Cartilage thickness,
denuded area and subchondral area in the femorotibial joint was measured using custom software.
Results: A higher peak knee adduction moment was observed in participants with medial compared to
those with lateral tears (2.92 1.06 vs 0.46 1.7, P< 0.001). Participants with a higher knee adduction
moment displayed a larger medial meniscus extrusion (r¼ 0.532, P< 0.001) and a lower medial
meniscus height (r¼0.395, P¼ 0.010). The inverse relationship was observed for the lateral meniscus.
A higher knee adduction moment was also associated with a higher ratio of the medial to lateral tibial
subchondral bone area (r¼ 0.270, P¼ 0.035). By contrast, cartilage thickness and denuded areas in the
femur and tibia were not related to the knee adduction moment. Similar results were found for the
relationship between knee adduction angular impulse and meniscus, cartilage and bone morphology.
Conclusions: Dynamic knee joint loading is signiﬁcantly related to meniscus pathology and bone size, but
not to cartilage thickness in women with OA.
 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Osteoarthritis (OA) is primarily deﬁned as a chronic degenera-
tion of the articular cartilage and has been related to mechanical
overload1; however it is a complex disease involving multiple
tissues in the affected joint. Development and progression of OA
have been linked with abnormalities of the menisci2, articular
cartilage, subchondral bone and ligaments3. All of these joint
structures play a crucial role in the biomechanics of the knee joint,
and pathological changes of any of these structures will make the
joint vulnerable for further mechanical insults and joint damage4.to: Benedicte Vanwanseele,
h Group, Faculty of Health
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s Research Society International. PWith the help of magnetic resonance imaging (MRI), it is now
possible to visualize all articular tissues, and to analyze their
morphological characteristics, including ligaments, menisci, carti-
lage and bone.
The menisci are known to play a crucial role in the load distri-
bution on the articular surface of the knee joint5. Their primary
function is to increase the contact area between the femur and the
tibia5, thereby reducing the peak stress sustained by the cartilage.
Destruction or morphological abnormalities of these structures will
increase the stress on the underlying tissue.
Peak knee adduction moment during walking has been used as
an estimate of the mechanical load distribution on the knee joint
and the medial contact force during walking6. A higher peak knee
adduction moment during walking has been associated with the
severity, rate of progression, and treatment outcome of medialublished by Elsevier Ltd. All rights reserved.
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during walking is a complementary measure of knee joint loading
and accounts for both the load as well as the loading time11. The
knee adduction angular impulse can differentiate between mild
and moderate OA and symptoms of OA11,12.
The importance of the meniscus in the progression of OA has
recently been reported by several investigations2,13,14. Pathological
meniscus changes such as severity of the tear, meniscus extrusion
and height have been related with an increased risk of cartilage loss
in patients with symptomatic knee OA13. In addition, meniscus tear
and extrusion have been associated with a progressive decrease in
cartilage volume in patients with symptomatic knee OA2. Sharma
et al.14 found that medial meniscal damage predicted medial tibial
cartilage loss, while meniscal extrusion had an inconsistent rela-
tionship with disease progression. Arthroscopic partial meniscec-
tomy has been associated with the development of cartilage
defects15, decreases in cartilage volume16 and with larger knee
adduction moments17.
Although there seems to be a link between meniscus
pathology and OA development and progression, the mecha-
nisms through which the meniscus degenerates, and through
which meniscus pathology accelerates cartilage degeneration
are not completely understood. Only one recent study investi-
gated the association between knee adduction moment and
meniscus pathology in a healthy population18. They found
a positive association between the prevalence and severity of
medial meniscus tears and knee adduction moment during early
stance. However, no previous study has related meniscus and
cartilage morphology to dynamic knee joint loading in partici-
pants with OA.
The aim of this study was therefore to assess the cross-sectional
associations between pathological meniscus changes, cartilage
morphology, and subchondral bone area and dynamic knee joint
loading during walking; speciﬁcally the peak external knee




Women aged >40 years with OA in at least one knee, according
to American College of Rheumatology (ACR) clinical criteria were
recruited via community advertisements. Patients were recruited
to participate in a double-blind randomized, sham-exercise
controlled clinical trial19. Participants were excluded if they had:
secondary OA (i.e., OA diagnosed due to trauma, surgery, or other
disease process), joint injury, injection or surgery within the past 6
months or joint replacement; knee cartilage or meniscus injury;
already participated in structured exercise more than 1 day per
week during the previous 3 months; had any contraindications to
exercise and/or MRI; had severe functional limitation or cognitive
impairment.
After telephone screening, a physician history and physical
exam to verify OA diagnosis, symptoms and contraindication to
MRI, participants underwent assessments. All measurements were
performed on the more symptomatic leg. The severity of OA was
graded by the study radiologist (RS), according to the MRI corre-
lation of the Modiﬁed Outerbridge Classiﬁcation20. The University
of Sydney Human Research Ethics Committee approved testing
procedures on the 13th December 2004 (Reference No. 12-2004/2/
7848) and written informed consent was obtained from all
subjects. This study has been lodged with the Australian New
Zealand Clinical Trials Registry (ANZCTR Reference No.
12605000116628).Primary dependent variable: peak knee adduction moment
A three-dimensional motion measurement system (Motion
Analysis Corporation, Santa Rosa, USA) including 10 Eagle video
cameras synchronized with two sets of eight channel force plates
(Kistler instruments, Switzerland) were used to collect the data.
The camera’s sampling rate was 100 Hz and the force data were
collected at the sampling frequency of 1000 Hz. Thirty eight
(20 mm-diameter) passive markers were attached bilaterally using
a modiﬁed Helen Hayes marker set21 by double-sided tape on
standard bony landmarks of forefoot, rearfoot, shank, thigh, pelvis
and trunk segments. Each segment was deﬁned using three
markers and idealized as a rigid body with a local coordinate
system deﬁned to coincide with a set of anatomical axes. A static
trial was collected as a reference to determine body mass and the
positions of joint centers. The three-dimensional positions of
markers were used to calculate the location of the joint centers. The
ankle joint center was deﬁned as the mid-point between the
medial and lateral malleolus. The mid-point between the medial
and lateral femoral condyle was determined as the knee joint
center and the hip joint center was deﬁned using Bells method22.
Subjects wore a black Lycra body suit and walked barefoot along
a 10 m walkway at their self-selected habitual walking speed.
Subjects were not aware of the location of the force plates and the
starting positionwas adjusted until the subjects contacted the force
plates. Three-dimensional external moments were calculated using
inverse dynamics via Kintrak version 6.2 (The University of Cal-
gary, Canada) and were normalized to the individual’s body weight
and height (%BWHt). Kinematic data were ﬁltered with a second
order Butterworth low pass ﬁlter at 6 Hz and ground reaction force
data were ﬁltered with a second order Butterworth low pass ﬁlter
at 30 Hz. The peak knee adduction moment was deﬁned as the
maximum peak adduction moment during the whole stance phase.
The knee adduction angular impulse was calculated as the integral
of the knee adduction moments for the overall stance phase. Peak
knee adduction moment and knee adduction angular impulse were
calculated for each trial and then averaged for the ﬁve trials for each
subject permitting comparison of average values for each subject.
Independent variables
All MRIs were performed using a 3 Tesla Intera MR system
(Philips Medical Systems, Best, The Netherlands) with either
a SENSE Knee coil or a SENSE Flex-L coil, depending on the size of
the participant’s knee. Participants were in a supine, non-weight-
bearing position.
Measurement of bone size and cartilage thickness. A previously
validated double oblique T1-weighted gradient echo sequencewith
water excitation of the tibiofemoral joint (repetition time¼ 28 ms,
echo time¼ 9 ms, ﬂip angle¼ 25, slice thickness¼ 1.4 mm, in-
plane resolution¼ 0.31 mm, acquisition time¼ 9 min) was used to
delineate the cartilage with good contrast to its surrounding
tissue23. Measurement of cartilage morphology involved the
segmentation of the total subchondral bone area and surface of the
articular cartilage in the medial tibia (MT) and lateral tibia (LT), and
in the central (weight-bearing) portion of the medial (cMF) and
lateral femur (cLF)24,25. Any cartilage or bone associated with
osteophytes was excluded from segmentation. Chondrometrics
software (Chondrometrics Works 2.5.54, Ainring; Germany) was
used to segment the cartilage (coefﬁcient of variation (CV) for mean
thickness: MT¼ 2.2%, LT¼ 2.1%, cMF¼ 2.2%, cLF¼ 1.8%). Segmen-
tationwas performed by AL and quality control of all segmentations
was performed by one person (BV) who reviewed all segmented
slices of each data set for accuracy. All readers were blinded to
patient name. Upon completion of cartilage segmentation,
computations performed by the software provided the following
Table I
Characteristics of the 45 participants (whole cohort) and for the patients with
medial OA (n¼ 39) and lateral OA (n¼ 6)
Characteristics Whole cohort Medial OA Lateral OA
Age (years) 65 7.4 64.4 7.6 68.7 5.4
Weight (kg) 82.7 18.7 83.2 19.7 79.8 10.3
BMI (kg/m2) 32.1 7.7 32.2 7.5 31.2 4.5
Grade OA^ (%)
Grade 1 26.7 30.8 0
Grade 2 13.3 12.8 16.7
Grade 3 22.2 23.1 16.7
Grade 4 37.8 33.3 66.7
Duration of OA (years) 10.5 7.3 9.8 7.0 14.8 8.5
WOMAC
Pain (range 0e20) 5.9 3.2 6.1 3.3 5.0 1.7
Stiffness (range 0e8) 3.8 1.7 3.7 1.8 4.2 1.3
Difﬁculty (range 0e68) 22.6 11.2 22.8 11.5 21.7 9.1
Total (range 0e96) 32.3 15.1 32.5 15.7 30.8 11.7
Peak knee adduction moment
(%BWHt)
2.34 1.38 2.65 1.09 0.32 1.44
Knee adduction angular impulse
(%BWHt Seconds)
1.80 1.28 2.02 1.13 0.12 1.24
Self-selected walking speed (m/s) 1.11 0.18 1.12 0.18 1.04 0.18
Values are the mean SD. BW¼ body weight, Ht¼ height.
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chondral bone area, total subchondral bone area and denuded area.
Meniscus extrusion and height. Meniscus morphology was assessed
using a coronal/double oblique coronal T2-weighted fast or turbo
spin echo sequence (repetition time¼ 4418 ms, echo time¼
35 ms, slice thickness¼ 2.2 mm, in-plane resolution¼ 0.13 mm).
Using an Osiris software package (University of Geneva) meniscus
extrusion and height were determined in both the medial and
lateral compartment based on the method described by Hunter
et al. using the images where the medial tibial spine volume was
the maximum13. Interobserver reliability (interclass correlation
(ICC) values) for reading the measures of medial meniscus
extrusion and height were 0.95 and 0.86.
Meniscus tear. Meniscal tears were diagnosed when an abnormally
bright (hyperintense) signal was seen on the T2-weighted
sequences (normal meniscal signal being hypointense) that origi-
nates within the meniscus and extends through one or both of it
articular surfaces. A second type of tear was detected when a piece
of the meniscus had been displaced or detached. Images were
examined by one experienced musculoskeletal radiologist (RS) and
independently conﬁrmed by another reader (BV); both were blin-
ded to patients’ names except subjects’ ages.
Symptoms and disability were assessed using the Western
Ontario and McMaster Osteoarthritis Index (WOMAC) question-
naire26. The body mass index (BMI) was calculated from height and
weight measures. Patients were asked when their OA was diag-
nosed to estimate the duration of OA.
Statistical analysis
Histograms of all variables were inspected for normality
visually and statistically (normality was assumed if skewness
was 11), and expressed as mean and standard deviation
(SD) or median and range, as appropriate. For non-normally
distributed data non-parametric tests were used. Comparisons
between groups (medial tears, lateral tears, both and no tears)
were made using analysis of variance (ANOVA) for normally
distributed continuous data. The KruskaleWallace test or
ManneWhitney U test were used for non-normally distributed
continuous data. Pairwise comparisons of means from analysis of
covariance (ANCOVA) models with signiﬁcant F-ratios were
conducted using two-tailed least signiﬁcant difference (LSD)
post-hoc t tests. A post-hoc comparison of medians from signiﬁ-
cant KruskaleWallace tests was carried out by sequentially
applying the KruskaleWallace test to all pairs. BMI, age, OA
severity and gait speed were used as covariates.
Linear regression analyses were performed to test the
hypothesis that peak knee adduction moment and knee adduction
angular impulse were associated with cartilage thickness,
denuded area, subchondral bone area and meniscus extrusion and
height, calculating crude and adjusted correlation coefﬁcients. For
non-normally distributed, a Spearman’s rank correlation coefﬁ-
cient is used. In addition, a multiple regression analysis using the
ENTER method (entering all variables at the same time) was
conducted controlling for gait speed, OA severity, age and BMI.
Residuals’ distribution was checked for normal distribution. All
linear and multiple regression analysis were done on the total
cohort and on the subgroup (patients with lateral OA and patients
with medial OA).
SPSS (Release 17.0 for Windows, 2004, Chicago: SPSS Inc) was
used for all data analysis. All P values of less than 0.05 were
considered statistically signiﬁcant. Signiﬁcance refers to statistical
signiﬁcance unless otherwise stated.Results
Characteristics of the 45 participants included in this study are
presented in Table I. The peak knee adduction moment and the
knee adduction angular impulse were signiﬁcantly different
between the medial and lateral OA group (Table I).
Seventy-three percent of the participants had a meniscus tear
(64% medial, 9% lateral and 27% both medial and lateral compart-
ments) (Table II). Eighty-nine percent of the patients with tears had
medial extrusionwith an average extrusion of 3.9 2.4 mm. Twenty-
two percent had extrusion of the lateral meniscus with a median
(range) of0.0 (7.80). Extrusionandheightof themedial and the lateral
meniscus were signiﬁcantly different between patients with medial
OA and those with lateral OA (P< 0.03) (Table II). Extrusion and
height of the meniscus showed a strong inverse relationship
(r¼0.764 to 0.729, P< 0.001).
Articular cartilage thickness, denuded area and subchondral
bone surface for the whole cohort and for patients with medial and
lateral OA are reported in Table II. Patients with medial OA had
thinner medial femoral cartilage (P¼ 0.027) and thicker lateral
tibial cartilage (P¼ 0.004) compared to those with lateral OA.
The peak knee adduction moment had a signiﬁcant relationship
with meniscus tear location (medial, lateral, both or none)
(P< 0.001), with a higher peak in the patients with medial tears
compared to patients with lateral tears (2.921.06 vs 0.461.7,
P< 0.001) [Fig. 1(A)]. There was a trend towards a higher peak in
the patients with medial tears compared to patients with no tears
(2.921.06 vs 2.01.06, P¼ 0.053). Patients with lateral tears had
a lower peak knee adduction moment than patients with no tear
(0.461.7 vs 2.01.06, P¼ 0.002) and patients with tears in both
medial and lateral meniscus (0.461.7 vs 2.371.14, P¼ 0.001).
The knee adduction angular impulse had a signiﬁcant relationship
with meniscus tear location (medial, lateral, both or none)
(P¼ 0.023), with a higher peak in the patients with medial tears
compared to patients with no tears (2.411.09 vs 1.201.33,
P¼ 0.022) and patients with both medial and lateral tears
(2.411.09 vs 1.28 1.26, P¼ 0.007) [Fig. 1(B)]. There was no
signiﬁcant effect of the tear location (medial, lateral, both or none)
on gait speed (P¼ 0.408) (Fig. 2).
The associations between each individual meniscus, bone and
cartilage characteristic and the knee adduction moment are
Table II
Cartilage and meniscus morphology for the whole cohort, patients with medial OA
and patients with lateral OA
Morphological characteristic Whole cohort Medial OA Lateral OA
N¼ 45 N¼ 39 N¼ 6
Meniscus tear (%) 73.3 74.4 66.7
Medial tear 64 72.4 0
Lateral tear 9 0 75
Both lateral and medial 27 27.6 25
Medial meniscus
Extrusion, mm 3.86 2.45 4.23 2.39 1.45 1.19
Meniscal height, mm 3.1 1.85 2.97 1.81 4.58 1.55
Lateral meniscus
Extrusion, mm* 0 (7.80) 0 (4.70) 1.0 (7.80)
Meniscal height, mm* 5.90 (8.40) 6.30 (5.60) 3.45 (7.20)
MT
Cartilage thickness, mm 1.48 0.29 1.48 0.29 1.52 0.26
Denuded area, mm2* 0.0 (8.37) 0.0 (8.37) 0.0 (0.0)
Subchondral bone surface, mm2 12.00 1.20 11.98 1.20 12.14 1.39
LT
Cartilage thickness, mm 1.83 0.33 1.86 0.28 1.53 0.60
Denuded area, mm2* 0.0 (0.24) 0.0 (0.11) 0.0 (0.24)
Subchondral bone surface, mm3 10.03 1.33 9.90 1.23 11.27 1.83
Medial femur
Cartilage thickness, mm 1.55 0.43 1.50 0.42 1.89 0.45
Denuded area, mm2* 0.00 (3.74) 0.0 (3.74) 0.0 (0.0)
Subchondral bone surface, mm3 5.82 0.84 5.83 0.90 5.71 0.27
Lateral femur
Cartilage thickness, mm 1.86 0.38 1.88 0.33 1.68 0.75
Denuded area, mm2* 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
Subchondral bone surface, mm3 5.71 0.83 5.70 0.87 5.80 0.12
Values are the mean SD.
* Values are median (range).
Fig. 2. Gait speed for patients with medial, lateral, medial and lateral (both present)
and no tears. * P< 0.05.
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moment had a larger medial meniscus extrusion and a lower
medial meniscus height. The opposite relationship was observed
for the lateral meniscus: patients with a higher peak kneeFig. 1. A) Knee adduction moment for patients with medial, lateral, medial and lateral
(both present) and no tears. B) Knee adduction angular impulse moment for patients
with medial, lateral, medial and lateral (both present) and no tears. * P< 0.05.
BW¼ body weight, Ht¼ height.adduction moment had a smaller lateral meniscus extrusion and
a higher lateral meniscus height. These relationships became
slightly stronger after adjusting for gait speed, age, BMI and OA
severity.
No statistically signiﬁcant association was observed between
denuded area and cartilage thickness and knee adduction moment
(P> 0.05) and adjusting for gait speed, age, BMI and OA severity did
not change the relationships.
There was a moderate correlation (r¼ 0.31, P< 0.028) between
subchondral tibial bone ratio and knee adduction moment with
a higher knee adduction moment related to a larger medial tibial
bone surface. No statistically signiﬁcant correlation was observed
between the subchondral femoral bone ratio and the knee adduc-
tion moment. No statistically signiﬁcant correlation was found
between tibial and femoral cartilage thickness ratios and knee
adduction moment. Similar results were found in the adjusted
model.
The associations between each individual meniscus, bone
and cartilage characteristic and the knee adduction angular
impulse are presented in Table IV. Patients with a higher knee
adduction angular impulse had a larger medial meniscus
extrusion. The opposite relationship was observed for the
lateral meniscus: patients with a higher knee adduction angular
impulse had a smaller lateral meniscus extrusion. These rela-
tionships did not change after adjusting for gait speed, age, BMI
and OA severity.
Denuded area and cartilage thickness were not statistically
signiﬁcant associated with knee adduction angular impulse except
for lateral femoral thickness. Patients with a larger knee adduction
angular impulse had a thicker lateral femoral cartilage and lower
medial/lateral femoral cartilage thickness ratio. Adjusting for gait
speed, age, BMI and OA severity did not change the relationships.
There was a statistically signiﬁcant association between knee
adduction angular impulse and subchondral tibial bone ratio but
the signiﬁcance disappeared after adjusting for gait speed, age, BMI
and OA severity.
No statistically signiﬁcant correlation was observed between
WOMAC function, pain, and stiffness scores and knee joint loading
(peak knee adduction moment and knee adduction angular
impulse) and meniscus pathology (P> 0.05).Discussion
The aim of this study was to investigate the association between
dynamic knee joint loading with pathological changes of the
meniscus, cartilage morphology, and bone surface areas in women
with knee OA. We found a signiﬁcant relationship between the
peak knee adduction moment and the knee adduction angular
Table III
Associations between structural factors and peak knee adduction moment
Whole cohort Medial OA
r P 95% CI Adj r Adj P 95% CI r P 95% CI Adj r Adj P 95% CI
Medial meniscus
Extrusion 0.505 0.000 0.249, 0.695 0.532 0.000 0.283, 0.714 0.397 0.012 0.094, 0.633 0.173 0.312 0.15, 0.463
Meniscal height 0.379 0.010 0.605, 0.097 0.395 0.010 0.616, 0.115 0.297 0.066 0.56, 0.02 0.128 0.456 0.426, 0.195
Lateral meniscus
Extrusion* 0.576 0.000 0.743, 0.34 0.594 0.000 0.755, 0.364 0.536 0.000 0.728, 0.266 0.342 0.041 0.593, 0.03
Meniscal height* 0.360 0.015 0.075, 0.591 0.401 0.009 0.122, 0.621 0.127 0.441 0.196, 0.425 0.124 0.470 0.199, 0.422
Cartilage thickness
MT 0.072 0.657 0.226, 0.357 0.057 0.739 0.24, 0.344 0.062 0.723 0.258, 0.37 0.126 0.491 0.197, 0.424
LT 0.099 0.532 0.2, 0.381 0.170 0.301 0.13, 0.441 0.144 0.388 0.439, 0.179 0.079 0.652 0.384, 0.242
Medial femur 0.189 0.244 0.457, 0.11 0.134 0.134 0.411, 0.166 0.10 0.954 0.402, 0.222 0.086 0.641 0.235, 0.39
Lateral femur 0.196 0.213 0.462, 0.103 0.179 0.333 0.448, 0.12 0.121 0.469 0.202, 0.42 0.004 0.982 0.311, 0.319
MT/LT 0.282 0.082 0.012, 0.531 0.266 0.117 0.029, 0.519 0.041 0.813 0.278, 0.351 0.126 0.494 0.197, 0.424
MF/LF 0.195 0.234 0.104, 0.462 0.204 0.232 0.095, 0.469 0.032 0.855 0.344, 0.286 0.138 0.450 0.185, 0.434
Denuded area
MT* 0.041 0.804 0.255, 0.33 0.014 0.935 0.28, 0.306 0.052 0.766 0.361, 0.267 0.099 0.591
LT* 0.105 0.508 0.386, 0.194 0.154 0.350 0.428, 0.146 0.007 0.964 0.309, 0.321 0.054 0.759 0.363, 0.266
Medial femur* 0.129 0.428 0.407, 0.171 0.045 0.792 0.334, 0.251 0.234 0.176 0.511, 0.088 0.240 0.186 0.516, 0.081
Lateral femur NA NA NA NA NA NA NA NA
Surface area
MT/LT 0.300 0.032 0.008, 0.545 0.270 0.035 0.025, 0.522 0.178 0.154 0.145, 0.467 0.137 0.456 0.186, 0.433
MF/LF 0.116 0.240 0.183, 0.396 0.284 0.109 0.01, 0.533 0.072 0.341 0.249, 0.378 0.124 0.499 0.199, 0.422
MF¼medial femur, LF¼ lateral femur.
NA¼ not applicable.
Adj: Adjusted model: adjusted for gait speed, age, BMI and OA severity.
* Non-parametric Spearman’s correlation coefﬁcient was used.
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that a larger knee adductionmomentwas observed in patients with
medial tears compared to patients with lateral tears and a larger
knee adduction angular impulse was observed in patients with
medial tears compared to patients withmedial and lateral tears and
those with no tears. There was also a strong association betweenTable IV
Associations between structural factors and knee angular impulse
Whole cohort
r P 95% CI Adj r Adj P 95% CI
Medial meniscus
Extrusion 0.460 0.002 0.193, 0.663 0.435 0.005 0.163,
Meniscal height 0.265 0.082 0.518, 0.03 0.213 0.182 0.476,
Lateral meniscus
Extrusion* 0.618 0.000 0.771, 0.397 0.572 0.000 0.741,
Meniscal height* 0.269 0.78 0.026, 0.521 0.412 0.007 0.135,
Cartilage thickness
MT 0.134 0.416 0.441, 0.166 0.162 0.346 0.434,
LT 0.126 0.425 0.173, 0.404 0.221 0.176 0.077,
Medial femur 0.051 0.759 0.339, 0.246 0.039 0.823 0.328,
Lateral femur 0.353 0.022 0.067, 0.585 0.338 0.035 0.05, 0
MT/LT 0.228 0.163 0.488, 0.07 0.213 0.212 0.476,
MF/LF 0.319 0.047 0.56, 0.029 0.335 0.046 0.572,
Denuded area
MT* 0.057 0.729 0.24, 0.344 0.052 0.762 0.34, 0
LT* 0.140 0.378 0.416, 0.16 0.376 0.018 0.602,
Medial femur* 0.129 0.435 0.407, 0.171 0.134 0.436 0.411,
Lateral femur NA NA NA NA NA NA
Surface area
MT/LT 0.269 0.049 0.026, 0.521 0.277 0.101 0.017,
MF/LF 0.170 0.138 0.13, 0.441 0.129 0.454 0.171,
MF¼medial femur, LF¼ lateral femur.
NA¼ not applicable.
Adj: Adjusted model: adjusted for walking velocity, age, BMI and OA severity.
* Non-parametric Spearman’s correlation coefﬁcient was used.meniscus height and extrusion and peak knee adduction moment
and knee adduction angular impulse. Thus this study shows that
dynamic knee joint loading is strongly associated with meniscus
pathology and motivates further research into the mechanism of
how loading andmeniscus pathology interact and inﬂuence disease
progression.Medial OA
r P 95% CI Adj r Adj P 95% CI
0.646 0.418 0.008 0.119, 0.648 0.174 0.317 0.149, 0.464
0.085 0.253 0.120 0.526, 0.067 0.033 0.849 0.344, 0.285
0.335 0.511 0.001 0.711, 0.234 0.208 0.229 0.491, 0.115
0.629 0.105 0.526 0.217, 0.407 0.170 0.330 0.153, 0.46
0.138 0.159 0.360 0.451, 0.164 0.333 0.067 0.586, 0.02
0.483 0.098 0.558 0.401, 0.224 0.056 0.752 0.365, 0.264
0.257 0.013 0.939 0.327, 0.303 0.204 0.272 0.488, 0.119
.574 0.260 0.115 0.06, 0.531 0.193 0.274 0.13, 0.479
0.085 0.116 0.506 0.416, 0.207 0.261 0.156 0.532, 0.059
0.046 0.125 0.474 0.423, 0.198 0.125 0.502 0.423, 0.198
.245 0.019 0.913 0.298, 0.332 0.082 0.660 0.239, 0.387
0.093 0.721 0.060 0.844, 0.525 0.012 0.944 0.326, 0.304
0.166 0.185 0.286 0.472, 0.138 0.349 0.054 0.598, 0.038
NA NA NA NA NA NA
0.527 0.176 0.156 0.147, 0.465 0.113 0.546 0.21, 0.413
0.407 0.135 0.219 0.188, 0.432 0.113 0.544 0.21, 0.413
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ation are common in patients with OA27e29 and in older individuals
without symptoms or OA30, with prevalence rates reported to be
between 50 and 91%. Meniscus tears and degeneration have been
associated with an increase in the rate of disease progression2,13,14
and we have shown them to be associated with clinically relevant
impairments of balance and walking endurance29. The menisci
provide congruence of the knee joint, increasing the joint surface
area and consequently decreasing the stress on the articular carti-
lage. In addition, the menisci together with ligaments and muscles
play a crucial role in providing stability of the knee joint. The
mechanism behind the relationship between cartilage loss and
meniscus pathology could relate to the change in dynamic loading
of the knee. Knee adduction moment as a surrogate for peak
dynamic knee joint loading and knee adduction angular impulse as
a measure for the overall loading during stance phase have been
associatedwith OA progression and severity8,31 and therefore could
play a crucial role in this relationship.
The current study has demonstrated that meniscus pathology is
associated with dynamic knee joint loading in patients with OA.
These results are very similar to what was found in the post-
menopausal women without knee OA18. The latter study reported
a positive association between prevalence and severity of medial
meniscus tears and knee adduction moment during the early
stance.
Due to the cross-sectional nature of this study it is impossible to
determine whether the meniscus pathology causes or was caused
by the increased knee adductionmoment. Wewould like to suggest
some mechanisms through which dynamic knee loading and
meniscus pathology are connected. It could be that a medial
meniscus tear leads to an increase in themedial meniscus extrusion
which decreases the height of the meniscus due to its wedged
structure. A decrease in the height of the meniscus in combination
with a decreased cartilage thickness would decrease the medial
joint spacewidth which could increase the varus alignment and the
medial laxity32. Both medial laxity and static varus alignment have
been strongly associated with dynamic knee alignment32,33.
A similar mechanism could explain the negative correlation
between the lateral meniscus extrusion and the knee adduction
moment. A lateral meniscus tear could lead to an increase in the
lateral meniscus extrusion reducing the height of the meniscus and
in combination with the decreased cartilage would decrease the
lateral joint space width. This could decrease the varus alignment
(or increase the valgus alignment) reducing the external knee
adduction moment.
On the other hand, an increased knee adduction moment will
increase the stress on both the meniscus and the cartilage. An
increase in the stress on these tissues, if damaged, would poten-
tially accelerate the degeneration process and could cause the
reduction in cartilage thickness and meniscus damage. This
increased joint damage could worsen the alignment and therefore
increase the dynamic loading on the joint, increasing the progres-
sion, and thereby resulting in a vicious cycle. Prospective rather
than cross-sectional studies will be needed to explore the exact
nature of these relationships.
Our results are in line with previous studies investigating the
association between static alignment and meniscus pathology13.
Hunter et al.34 demonstrated that factors other than cartilage
volume, namely meniscal degeneration and position, bone attri-
tion, osteophytes and ligament damage contribute to the observed
variance of static alignment.
Eckstein et al.35 recently reported a signiﬁcant association
between static standing hip-knee-ankle alignment and medial-to-
lateral ratio of tibiofemoral subchondral bone area in patients with
knee OA. The correlation for tibial subchondral bone was muchstronger than for the femur. The same discrepancy between tibia
and femur was observed in this study i.e., an association was
evident between the subchondral tibial medial-to-lateral ratio and
the knee joint loading but not with the femoral ratio. The tibial
subchondral bone area includes the full subchondral bone area
while only the central weight-bearing part of the femur is
segmented for the femur subchondral area. Although the majority
of the joint loading is applied to this central part of the femur,
during dynamic movement (knee ﬂexion), other parts of the femur
are in contact with the tibia and loaded. It is therefore possible that
we only measured a portion of the functional adaptation to the
medialelateral load distribution, resulting in weaker associations
between joint loading and femoral subchondral bone area.
The current study did not demonstrate any association between
dynamic knee joint loading and cartilage morphology. Similarly, in
healthy women without knee OA no associations were found
between medial and lateral cartilage volume and the knee adduc-
tion moment36. Although previous studies have related OA severity
with knee adduction moment10, OA severity in those studies was
determined based on joint space narrowing using radiographs in
a load bearing situation. The joint space does include meniscus as
well as cartilage and these radiographs are unable to distinguish
between the two. The radiographs are also takenwhile the subjects
are weight bearing which has been show to inﬂuence the thickness
of the cartilage37. TheModiﬁed Outerbridge score used in this study
is based on cartilage defect using MRI while the subjects are in
a supine position. We did ﬁnd a correlation between the grade of
OA and the knee adduction moment and knee adduction angular
impulse in the subgroup of medial OA patients but not for the
whole cohort.
Our previous study29 observed that the majority of meniscus
pathologies are asymptomatic in patients with OA. In line with
these ﬁndings, the current study did not found any association
between meniscus pathology and WOMAC function, pain, and
stiffness scores. In contrast to previous studies8,38, we didn’t ﬁnd an
association between knee joint loading and OA symptoms. This
discrepancy could be due to the fact that Kim et al.38 investigated
the knee adduction moment during single leg stance and not
habitual gait and Miyazaki et al.8 used a different questionnaire
(Hospital for Special Surgery pain subscale) to measure pain.
The knee adduction moment and knee adduction angular
impulse were signiﬁcantly larger in patients with medial
compared to those with lateral OA. Although, the sample size for
the lateral OA group was relatively small these results could
motivate further research in this subgroup. The magnitude of the
knee adduction moment reported in the current study is some-
what lower than the values found in the literature for patients
with medial OA7,33,39,40. We believe that two factors contribute to
the lower peak knee adduction moment. The current study uses
a ﬂoating axis model to calculate the knee adduction moment
which has been shown to produce slightly lower knee adduction
moments41. In addition, Shakoor et al.42 demonstrated that
walking barefoot reduces the knee adduction moment signiﬁ-
cantly and our peak knee adduction moment values correspond
closely to the data from the latter study. The magnitude of the
knee adduction angular impulse is slightly larger compared to
previous study which could be mainly due to the longer stance
phase when walking barefoot.
Limitations
Our study was limited to women and had a relatively small
sample size. However, studying women only generated a more
homogenous group. Further, marker placement in three-dimen-
sional gait analysis method can be a source of error. This was done
B. Vanwanseele et al. / Osteoarthritis and Cartilage 18 (2010) 894e901900on standardized bony landmarks by the same experienced exam-
iners to minimize errors.
Patients were walking barefoot which has been shown to
reduce the knee joint loading during walking42. Although we did
not include ligaments in our results, MRIs were checked for
ligament injuries and no tears or ruptures were diagnosed. Only
the central weight-bearing area of the femur was segmented
which limits the conclusion made for the femur subchondral
area. This study did not measure knee joint laxity or static leg
alignment which have been shown to inﬂuence the knee
adduction moment32,33 and meniscus degeneration13. The cross-
sectional nature of the study limits the ability to determine
whether the meniscus pathology causes or was caused by the
increased knee adduction moment.
Conclusions
This study demonstrates that dynamic knee joint loading is
signiﬁcantly related to meniscus pathology, but not to cartilage
morphology in women with knee OA. We also found a moderate
relationship between dynamic knee joint loading and subchondral
bone surface area. Meniscus pathology and dynamic loading of the
joint are clearly inter-related features of knee OA, and prospective
studies will be needed to deﬁne the direction or bidirectionality of
this relationship. Hopefully modiﬁcation of such etiological path-
ways by altering loading or resistance of menisci to damage might
lessen progression of the disease.
Author’s contribution
All of the authors were involved in the design of the study,
collection and analysis of the data, and help with writing the
manuscript. I conﬁrm that all authors have seen and agree with the
contents of the manuscript and agree that the work has not been
submitted or published elsewhere.
Conﬂict of interest
None of the authors’ have a conﬂict of interest.
Acknowledgement
We would like to thank the wonderful participants who have
devoted their time to our project. The authors would like to
acknowledge the University of Sydney: Cumberland Grant e
Category B to Vanwanseele, B, January 2005 and R & D Grant
(S4201 U3301) to Vanwanseele, B, January 2006; Keiser Sports
Health, Inc (Fresno, CA, USA) for the donation of the K400
Electronics for the strength training equipment; the STRONG
Clinic at Balmain Hospital for their assistance with training
personnel; the Symbion Clinical Research Institute for their help
with processing the MRIs.
Financial disclosures: Felix Eckstein is co-owner and CEO of
Chondrometrics GmbH, a company that provides image analysis
service for academic researchers and the pharmaceutical industry.
Felix Eckstein provides consulting services to Pﬁzer Inc., Merck
Serono Inc., Wyeth Inc., Novo Nordisk Inc., and Novartis Inc.
References
1. Beaupre GS, Stevens SS, Carter DR. Mechanobiology in the
development, maintenance, and degeneration of articular
cartilage. J Rehabil Res Dev 2000;37:145e51.
2. Berthiaume MJ, Raynauld JP, Martel-Pelletier J, Labonte F,
Beaudoin G, Bloch DA, et al. Meniscal tear and extrusion are
strongly associated with progression of symptomatic kneeosteoarthritis as assessed by quantitative magnetic resonance
imaging. Ann Rheum Dis 2005;64:556e63.
3. Felson DT. An update on the pathogenesis and epidemiology of
osteoarthritis. Radiol Clin North Am 2004;42:1e9.
4. Roos H, Adalberth T, Dahlberg L, Lohmander LS. Osteoarthritis
of the knee after injury to the anterior cruciate ligament or
meniscus: the inﬂuence of time and age. Osteoarthritis Carti-
lage 1995;3:261e7.
5. Walker PS, Erkman MJ. The role of menisci in force trans-
mission across the knee. Clin Orthop Relat Res
1975;109:184e92.
6. Zhao D, Banks SA, Mitchell KH, D’Lima DD, Colwell Jr CW,
Fregly BJ. Correlation between the knee adduction torque and
medial contact force for a variety of gait patterns. J Orthop Res
2007;25:789e97.
7. Baliunas AJ, Hurwitz DE, Ryals AB, Karrar A, Case JP, Block JA,
et al. Increased knee joint loads during walking are present in
subjects with knee osteoarthritis. Osteoarthritis Cartilage
2002;10:573e9.
8. Miyazaki T, Wada M, Kawahara H, Sato M, Baba H, Shimada S.
Dynamic load at baseline can predict radiographic disease
progression in medial compartment knee osteoarthritis. Ann
Rheum Dis 2002;61:617e22.
9. Mundermann A, Dyrby CO, Hurwitz DE, Sharma L,
Andriacchi TP. Potential strategies to reduce medial compart-
ment loading in patients with knee osteoarthritis of varying
severity: reduced walking speed. Arthritis Rheum
2004;50:1172e8.
10. Sharma L, Hurwitz DE, Thonar EJ, Sum JA, Lenz ME, Dunlop DD,
et al. Knee adduction moment, serum hyaluronan level, and
disease severity in medial tibiofemoral osteoarthritis. Arthritis
Rheum 1998;41:1233e40.
11. Thorp LE, Sumner DR, Block JA, Moisio KC, Shott S,
Wimmer MA. Knee joint loading differs in individuals with
mild compared with moderate medial knee osteoarthritis.
Arthritis Rheum 2006;54:3842e9.
12. Thorp LE, Sumner DR, Wimmer MA, Block JA. Relationship
between pain and medial knee joint loading in mild radio-
graphic knee osteoarthritis. Arthritis Rheum
2007;57:1254e60.
13. Hunter DJ, Zhang YQ, Niu JB, Tu X, Amin S, Clancy M, et al. The
association of meniscal pathologic changes with cartilage loss
in symptomatic knee osteoarthritis. Arthritis Rheum
2006;54:795e801.
14. Sharma L, Eckstein F, Song J, Guermazi A, Prasad P, Kapoor D,
et al. Relationship of meniscal damage, meniscal extrusion,
malalignment, and joint laxity to subsequent cartilage loss in
osteoarthritic knees. Arthritis Rheum 2008;58:1716e26.
15. Mills PM, Wang Y, Cicuttini FM, Stoffel K, Stachowiak GW,
Podsiadlo P, et al. Tibio-femoral cartilage defects 3e5 years
following arthroscopic partial medial meniscectomy. Osteo-
arthritis Cartilage 2008;16:1526e31.
16. Cicuttini FM, Forbes A, Yuanyuan W, Rush G, Stuckey SL. Rate
of knee cartilage loss after partial meniscectomy. J Rheumatol
2002;29:1954e6.
17. Sturnieks DL, Besier TF, Mills PM, Ackland TR, Maguire KF,
Stachowiak GW, et al. Knee joint biomechanics following
arthroscopic partial meniscectomy. J Orthop Res
2008;26:1075e80.
18. Davies-Tuck ML, Wluka AE, Teichtahl AJ, Martel-Pelletier J,
Pelletier JP, Jones G, et al. Association between meniscal tears
and the peak external knee adduction moment and foot
rotation during level walking in postmenopausal women
without knee osteoarthritis: a cross-sectional study. Arthritis
Res Ther 2008;10:R58.
B. Vanwanseele et al. / Osteoarthritis and Cartilage 18 (2010) 894e901 90119. Lange AK, Vanwanseele B, Foroughi N, Baker MK, Shnier R,
Smith RM, et al. Resistive Exercise for Arthritic Cartilage Health
(REACH): a randomized double-blind, sham-exercise
controlled trial. BMC Geriatr 2009;9:1.
20. Baysal O, Baysal T, Alkan A, Altay Z, Yologlu S. Comparison of
MRI graded cartilage and MRI based volume measurement in
knee osteoarthritis. Swiss Med Wkly 2004;134:283e8.
21. Kadaba MP, Ramakrishnan HK, Wootten ME. Measurement of
lower extremity kinematics during level walking. J Orthop Res
1990;8:383e92.
22. Bell AL, Pedersen DR, Brand RA. A comparison of the accuracy
of several hip center location prediction methods. J Biomech
1990;23:617e21.
23. Graichen H, Jakob J, von Eisenhart-Rothe R, Englmeier K-H,
Reiser M, Eckstein F. Validation of cartilage volume and
thickness measurements in the human shoulder with quanti-
tative magnetic resonance imaging. Osteoarthritis Cartilage
2003;11:475e82.
24. Eckstein F, Ateshian G, Burgkart R, Burstein D, Cicuttini F,
Dardzinski B, et al. Proposal for a nomenclature for magnetic
resonance imaging based measures of articular cartilage in
osteoarthritis. Osteoarthritis Cartilage 2006;14:974e83.
25. Eckstein F, Hudelmaier M, Wirth W, Kiefer B, Jackson R, Yu J,
et al. Double echo steady state magnetic resonance imaging of
knee articular cartilage at 3 Tesla: a pilot study for the Oste-
oarthritis Initiative. Ann Rheum Dis 2006;65:433e41.
26. Bellamy N, Buchanan WW, Goldsmith CH, Campbell J, Stitt LW.
Validation study of WOMAC: a health status instrument for
measuring clinically important patient relevant outcomes to
antirheumatic drug therapy in patients with osteoarthritis of
the hip or knee. J Rheumatol 1988;15:1833e40.
27. Ali G, Souhil Z, Bachir T, Yves M, Charles GP, Harry KG. MR
ﬁndings in knee osteoarthritis. Eur Radiol 2003;13:1370e86.
28. Bhattacharyya T, Gale D, Dewire P, Totterman S, Gale ME,
McLaughlin S, et al. The clinical importance of meniscal tears
demonstrated by magnetic resonance imaging in osteoar-
thritis of the knee. J Bone Joint Surg Am 2003;85-A:4e9.
29. Lange AK, Fiatarone Singh MA, Smith RM, Foroughi N,
Baker MK, Shnier R, et al. Degenerative meniscus tears and
mobility impairment in women with knee osteoarthritis.
Osteoarthritis Cartilage 2007;15:701e8.
30. Englund M, Guermazi A, Gale D, Hunter DJ, Aliabadi P,
Clancy M, et al. Incidental meniscal ﬁndings on knee MRI in
middle-aged and elderly persons. N Engl J Med
2008;359:1108e15.31. Chang A, Hayes K, Dunlop D, Hurwitz D, Song J, Cahue S, et al.
Thrust during ambulation and the progression of knee osteo-
arthritis. Arthritis Rheum 2004;50:3897e903.
32. Lewek MD, Rudolph KS, Snyder-Mackler L. Control of frontal
plane knee laxity during gait in patients with medial
compartment knee osteoarthritis. Osteoarthritis Cartilage
2004;12:745e51.
33. Hurwitz DE, Ryals AB, Case JP, Block JA, Andriacchi TP. The
knee adduction moment during gait in subjects with knee
osteoarthritis is more closely correlated with static alignment
than radiographic disease severity, toe out angle and pain.
J Orthop Res 2002;20:101e7.
34. Hunter DJ, Zhang Y, Niu J, Tu X, Amin S, Goggins J, et al.
Structural factors associated with malalignment in knee
osteoarthritis: the Boston osteoarthritis knee study. J Rheu-
matol 2005;32:2192e9.
35. Eckstein F, Hudelmaier M, Cahue S, Marshall M, Sharma L.
Medial-to-lateral ratio of tibiofemoral subchondral bone area
is adapted to alignment and mechanical load. Calcif Tissue Int
2009;84:186e94.
36. Jackson BD, Teichtahl AJ, Morris ME, Wluka AE, Davis SR,
Cicuttini FM. The effect of the knee adduction moment on
tibial cartilage volume and bone size in healthy women.
Rheumatology (Oxford) 2004;43:311e4.
37. Hudelmaier M, Glaser C, Hohe J, Englmeier KH, Reiser M,
Putz R, et al. Age-related changes in the morphology and
deformational behavior of knee joint cartilage. Arthritis
Rheum 2001;44:2556e61.
38. Kim WY, Richards J, Jones RK, Hegab A. A new biomechanical
model for the functional assessment of knee osteoarthritis.
Knee 2004;11:225e31.
39. Kaufman KR, Hughes C, Morrey BF, Morrey M, An KN. Gait
characteristics of patients with knee osteoarthritis. J Biomech
2001;34:907e15.
40. Wada Y, Ryo J, Sarumaru S, Matsushita T, Isobe H, Sato B, et al.
Surgery for cholecystocholedocholithiasis in a patient with
asymptomatic essential thrombocythemia: report of a case.
Surg Today 1998;28:1073e7.
41. Newell RS, Hubley-Kozey CL, Stanish WD, Deluzio KJ. Detect-
ing differences between asymptomatic and osteoarthritic gait
is inﬂuenced by changing the knee adduction moment model.
Gait Posture 2008;27:485e92.
42. Shakoor N, Block JA. Walking barefoot decreases loading on
the lower extremity joints in knee osteoarthritis. Arthritis
Rheum 2006;54:2923e7.
